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Abstract the four ranges has 15 size bins. The ,umcer of
droplets in each size bin (also called tne number

T~o Fo-ard Scattering Spectrometer Probes distribut~on) 4s then usej - fur e - 2:lats:
-Pre used t, mpas ,

'r drop!eL di iutiuns in tne For icing research the important quantities that
A ewis Research Center's Icing Research Tunnel. are calLulated from the number distribution are the

eh 4nstrjments showed good agreement when the mns rvme diamshow e d oo agreet ihnte percent volume distribution and the median volume
-e=ai 'oljme diameter (MD) was approximately diameter (MVD).
m. Coincidence events affected much of the data
caised :-e measured MVD to be about 2 to 3'm FSSP Calibration

a ger rnan expected. Coincidence events were
-educed t.' shutting down half of the spray bars in The calibration of both FSSPs was checked
:e *.qne! during certain tests. )A!4 l , 1 - every day prior to running in the IRT, The device

Introduction used to check the calibration was a rotating pin-
c hole developed at NASA Lewis. The instrument,(j nshown in Fig. 1, consists of a calibration pinhole

'urn 1987 the Icing Research Tunnel (IRT) of a known diameter which is attached to a motor

a: 'ASA Leais was refurbished. When the work was and rotated through the sample volume of the FSSP.
comoleted various tunnel parameters needed to be The diameter pinhole can be from I to 50 pm. A
-easured (i.e, air velocity, temperature, cloud 15 pm pinhole was typically used throughout the
unniformity, liquid water content, etc.) to deter- testing period. When this pinhole passes through
m"ne how dell the tunnel simulated natural icing the sample volume it simulates a 9 pm water droplet
conditions. One parameter that needed to be meas- scattering light. This method provides an absolute
ured was the droplet size distribution in the tun- size calibration of the FSSP.
nel cloud. The goal was to determine the droplet
:'ze distrioution and the median volume diameter Data in Fig. 2(a) show the calibration of the
(1VD) for various tunnel set points. The instru- FSSP47 and the FSSP95 prior to several test runs in
-ents used to make this measurement were two differ- the IRT. This data is from the 2 to 47 pm range for
ent models of the Forward Scattering Spectrometer both instruments. This was the range most often
-oce (FSS ) manufactured by Particle Measuring u~ed for the data analysis. Note that the FSSP47
Systems, Inc. of Boulder, Colorado. appears to oversize smaller water droplets by about

The subject of this paper is the performance of one bin or 3 pm.

*re PzS5 in the Icing Research Tunnel. The IRT test Using the rotating pinhole to check the cali-
covered a range of tunnel conditions. This provided bration provided a reliable method of checking the
an ideal opportunity to evaluate the instruments operation of the FSSP after a run to determine if
uder a variety of controlled conditions. any undetected problems arose during the test. To

illustrate this, Fig. 2(b) shows the calibration
Test Procedures before and after one test. The marked decrease in

the FSSP95 response to the pinhole was traced to
instrumentation water collecting on the receiving optics. After the

water was dried off and the lenses cleaned, the cal-Two FSSP's were used throughout the IRT test. ibration came back up to its nominal value.
>he first has four size ranges: range 0 is 2 to
47 pm, range 1 is 2 to 32 pm, range 2 is I to 16 pm, Measurements in Wind Tunnel Clouds
and range 3 is 0.5 to 8 pm. It will be referred to
as the FSSP47. The second FSSP also has 4 ranges: Distributions for Different Tunnel Set Points
range 0 is 5 to 95 pm, range I is 2 to 47 pm, range

2 is 2 to 32 pm, and range 3 Is 1 to 16 pm. It will Throughout the IRT test, the nozzle water and
be referred to as the FSSP95. For more detailed air pressures were varied. The effect of increas-
information on the theory of operation of the FSSP Ing the water pressure Is shown In Fig. 3(a). Theconsult Refs. I to 3. droplet, become iarger as water pressure increases.

The FSSP measures droplets as they pass
through the instrument's laser beam. Each droplet
is classified In size categories or bins. Each of
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MICROPOSITIONER

(a) COMPONENTS ON THE PINHOLE CALIBRATOR.

. FSSP

RIOPOSITIONER

~C-88-06822

(b) PINHOLE CALIBRATOR ATTACHED TO FSSP.

FIGURE 1. - THE ROTATING PINHOLE USED FOR CALIBRATION.
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(a) COPARES THE CALIBRATION OF THE FSSP47 WITH THE

CALIBRATION OF THE FSSP9S.
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(b) SHOWS HOW WATER COLLECTING ON THE LENS OF THE

FSSP95 AFFECTED ITS CALIBRATION.

FIGURE 2. - CALIBRATION Of THE FSSP USING THE PINHOLE

ROTATOR.
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(a) DROPLETS BECOME LARGER AS NOZZLE WATER PRESSURE INCREASES.
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(b) DROPLETS BECOME S9ALLER AS NOZZLE AIR PRESSURE INCREASES.

FIGURE 3. - TYPICAL DISTRIBUJTIONiS PRODUCED IN ThE IRT BY VARYING TUNNEL CONDITIONS. -
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Figure 3(o) snows the effect on water droplets as .75
rozzle air  pressuce is increased. The dr3plets
cec-,: @ sma I e r .- RANGI 0

(2-4/)

0 13^
-.,: Tc SP meas Jres a quantity called activity. .5 -o 3oqc ,_ 0

is defined as the percent of time the instrument
is .sy analyzing particles. An equation describ-

cg zt ,.,ity i given as: RANGE 1 .
(2-52)-

/

tiity 10 * (Tt  + Dt)  / Et . (1) .25

er e " is the sum of the transit time of
ar':ces through the probe volume. Dt  is the
-' all tne seriods of dead time when the instru-

Tent s analizing a particle and is insensitive to
eter particles in the sample volume. And Et is - P 20 N0 60 80 100
the total elapsed time the FSSP is running. QE N AT IVTE FSSP47

(a) DATA FROM THE FSSP47.

Activity is a good method of determining
.. et-er :Ie ;nstrume t ;s becoming overwhelmed with 75

so Tar particles. It is best to make measure-
-erts ween te activity is less than 80 percent. o 0 %

Figue 4(a) and (o) shows the measured activi- 00°

org ,re 4-axiS) for all the runs using the .50
;SSPt7 ar.c te FSSP95 respectively during thp IRT /
test. :n to'n olots tre circles represent range 0 /

,nd tre tc)e range 1. Note that many of the runs R 0
,,ere wi th actij ities that were larger than the
reccmmended 80 pcrcent. .25

/

Also note that the FSSP95 (Fig. 4(b)) had gen- RANGE 1 /
er 'V lower activities in the 5 to 95 range than (2-47) -J
the 2 to 47 range. This was due to the effect of
crsclets telow 5 Pm. There were a large number of I I I I
tnese snal' droplets. In the 2 to 47 range the 0 20 40 60 80 100
FSSP95 raJ to analyze these droplets. This contrib- PERCENT ACTIVITY (F5SP95)
uted to the overall increase in activity in that (b) DATA FROM THE FssP95.
range. For the 5 to 95 range, droplets less than FIGURE 4. - ACTIVITY IN THE FSSP's. CIRCLES ARE FOR
5 um were not analyzed by the instrument and tnere- RANGE 0. BOXES ARE FOR RANGE 1.
fore did not contribute to the activity.

The FSSP47 (Fig. 4(a)) does not show a signifi- all the runs were made at the same velocity
cant difference between the activities for range 0 (67 m/s). The manual also mentions that coincidence
and range I (both vary from 40 to 9C percent). events can decrease the ratio. Since activity is
This because both range 0 and range 1 start at 2 pm related to coincidence events, (see Ref. 4) this is
on that instrument. most likely the cause for the decrease.

:a;id Count/Total Strobe Ratio Coincidence events affect the VC/TS ratio in
an Indirect manner. When a particle crosses the

The y-axis along Fig. 4(a) and (b) indicates laser beam, the FSSP must determine if the particle
the ratio of valid counts to total strobes (VC/TS). went through the central region of the beam (i.e.,
The ,alid counts are the sum of all the counts In the effective beam diameter). The FSSP does this
a' 15 size bins in the FSSP. Droplets that go by measuring the duration of time the particle was
tirougF the radially central region of the laser in the beam (its transit time). If the particle
cean generate valid counts and total strobes. was in the beam for a period of time that was less
:roles that go through outer regions of the laser than the average time for all the previous parti-
seanm orly generate total strobes. The ratio of cles, it is assumed the particle went through a
"C/ is a measure of the fractional part of the chord near the edge of the beam. If the particle
tea, diameter (o, the effective beam diameter) that was in the beam for a period of time that was

S.c 7 neasuring the droplets. This is used greater than the average time for all the previous
for determining tte probe volume in the FSSP. particles, it Is assumed the partirlp went th:,t

tne central :eria n of the beam. Tn s enerates a
'-: ., aod (b) shows the VC/TS ratio valid count.

cecreasec as acti Ity increases. In the PMS manual
the specifications for the FSSP95 give the VC/TS During a coincidence event one particle enters
ratio as 0.5. The manual also notes that increased the beam before the previous one has left. This
particle velocities can lower this ratio and recom- appears to the FSSP as one particle with a long
mends measuring the actual value on line to deter- transit time. If enough coincidence events occur,
mine it more accurately. This, however is not the then the running average of the transit times starts
reason for the decrease In the VC/TS ratio because to increase. As the average transit time increases
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- t oirc-Hence events, the probability of single Mv) PROBE
oart't:es residing in the beam longer than this 30 (a) PM
3.e'-ae wil decrease. Thus, the effective beam 20 .1. FS[R
j'a'eter ceccmes diminished and the VC/TS ratio 13.9 rssPK/

'-fo'ts this. 10 - -- 12.4 fSSP95

here are two implications of this analysis.
--s:. for this test (i.e., cloud velocities of
- s) it appears that coincidence errors started (b)

-:.. ring at activities as low as 80 percent in the 15 r / 19.8 1ssP4/
arj 6C percent for the FSSP95. (The FSSP47 10 ',-21.4 VSSP95

-as ewer coincidence events because it has a
s-a7le ceam ciameter.) These numbers (80 and 60

:e) here determinrej oy looking at tne place in 0 ,
- .5 a ere the VC/TS ratio started to decrease.

25
e seccri implication is the FSSP will bias (c)

eata tcward coincidence events. Since the FSSP 20 -16.3 SP4

eounrT paticles with longer transit 1- 16.1 FSSP95
7es, th'e ;n1strar e is more likely to measure
i e t ar cles than single particle events. 10
s .1111 I as tre measu-ed particle size distribu-

tor toaars larger diameter particles. I _ j

~: t'-.ment Comparison

Since a number of spray conditions were 15 (d 2 .4 FSP95
-eceated for both FSSP47 and the FSSP95, it pro-/ -. 4 FP5
;ited an opportunity to make an instrument compari- 10
son of particle volume distributions from both 5
instruments. For the comparison the 2 to 47 pm
range was used for both instruments. 0

2 8 14 20 26 32 38 44 50
Figure 5(a) to (d) shows the comparison DIAMETER, pM

-etween the two instruments over a range of drop- FIGURE 5. - COMPARISON OF VOLUM DISTRIBUTIONS MEASURED
ets sizes. The distributions show fair agree- BY THE FSSP47 WITH THOSE MEASURED BY THE FSSP95.

lernt. The MVD measured on the FSSP47 differed by
less than 15 percent when compared to the MVD meas- 30
u-ed on the FSSP95.

Throughout the RT test, there were a totalF

of 12 runs in which tunnel conditions were Identi- 25
..- BEST FIT-al for roth the FSSP47 and the FSSP95. The MVD

for the FSSP47 versus the FSSP95 is clotted in
. S. "ote trat the FSSP47 oversizes the cloud 20

(relacive to the FSSP95) if the bulk of the mass is
contaned in small droplets. This was expected from
the pinhole calibration. For large droplets the 15
'SS%47 measired MVDs that were smaller than the
PSSP95 measured. The cross over point is about
6 .mn. 10

Co;rs idence Er-ors

The nigh actiiities encountered during the 5 I0 1S 20 25 30
test indicated that coincidence errors could be FSSP9s MVDo pm
ace'tng the measured distribution. To test this,
i of the spray bars were shut down. This theo- FIGURE 6. - CO'ARISON O THE MVD MASURED BY THE FSSP47
et;a' ! rediced the number density without chang- WITH THE VD ?ASURED BY THE FSSP9S.
ing tne particle size. MVDs differed a oit more: 10 to 20 percent for all

three cases. The distribution with the higher
Figure 7(a), (b), and (c) shows three differ- activity always had the higher MVD. Coincidence

ent pairs of distributions for the 5 to 95 pm range events are the probable cause for this difference.
on the FSSP95. One distribution is with half of the
spcay Oars on and the other is with all the spray Figure 8(a) and (b) shows plots of the meas-
bars on. In fiquy, 7ia) and (b) the distributions ured MVD in the tunnel with half of the spray bars
are iery close and the MVD is within 2 percent. running versus the MVD with all the spray bars run-
The M'/s in figure 7(c) differ by 18 percent. This ning. The best fit line through the data indicates
larger discrepancy Is probably due to the effects there was oversizing by about 2 to 3 pm when all of
of coincidence on this wider distribution, the spray bars were running. Coincidence events

are the most likely cause of this error.
Te clots in figure 7(d), (e), and (f) are the

same as figurp 7(a), (b), and (c) except the FSSP95
was set on the 2 to 47 pm range. In this case the



S- SPRAY ,oVD. ACTIVITY, 40 SPRAY ,,O. ACTIVITY.

40 - im PERCENT Jim" PERCENT
FULL 10.5 76.8 20 - FULL 13.7 91.220t 0 HALF 10.7 0. HAL 11.7 7.

(a) FSSP9S RANGE 0. (d) FSSP95 RANGE 1.

it40 20

0 FULL 15.1 80.9 ,- FULL 19.2 92.8
o HALF 14.8 66.7 HALF 17.0 81.7

1-1
(b) rSP95 RANGE 0. (e) FSSP95 RANGE 1.
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(c) FSSP95 RANGE 0. (f) FSSP95 RANGE 1.
FIGURE 7. - COMIPARISON OF VOLUME DISTRIBUTIONS MEASURED WHILE HALL Of iE SPRAY BARS WERE OPERATING WITHi

DISTRIBUTIONS MEASURED WHILE ALL THE SPRAY BARS WERE OPERATING.
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(b) FSSP9S RANGE 1.

FIGURE 8. - COMPARISON OF THE MEASURED MVD WHILE HALF OF
THE SPRAY BARS WERE OPERATING WITH THE MVD WHILE ALL
THE SPRAY BARS WERE OPERATING.
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Comparison Between Different Ranges

Another comparison that is of interest is
the repeatability of the instrument on different
ranges. Figure 9(a) shows the measured MVD using

25- i:1 the FSSP47. The plot compares range 0 (2 to 47 pm)
with range 1 (2 to 32 pm). The ranges agree very
well. To make a valid comparison, distributions

BEST FIT that were outside of range I (i e., distributions
20 with droplets larger than 32 pm) were not plotted.

0 Figure 9(b) shows a comparison of the measured
15 - MVD's using the FSSP95. This plot compares range 0

(5 to 95 pm) with ranye 1 (2 to 47 pm). These
ranges do not agree as well. It is not known why

FSSP7 this discrepancy exists.
10 --

Figure 9(c) compares range I ejith range 2 cn
the FSSP95. Range 1 and range 2 on the FSSP95 are
the same as range 0 and range I on the FSSP47: (2

I _j to 47 pm) and (2 to 32 pm) respectively. On these
(a) FSSP47 RANGES 0 AND 1. ranges the FSSP95 is comparable to the FSSP47.

50 - Instrument Icing

Throughout the IRT test the instrument problem

BEST FlT o  that occurred most frequently was ice buildup on

21, -the FSSP. On both FSSPs the flow straightening
tube would ice up in the same peculiar manner. Ice

o would build up on the very front of the tube
starting on the transmitter side. The ice would

20 then build up toward the center until the air flow
<through the tube was choked off.

It was thought that increasing the heat in
15 the flow straightening tube would solve the icing

FSSP95 problem. The voltage on the heaters was turned up
beyond the recommended 28 to 35 V. This kept the
ice off the front of the probe but caused another

10 -- problem. The run-off from the f-ont part of the
tube collected in the unheated rear portion of the
flow straightening tube. There it froze, built up,

I I I and again choked off the air flow. Increasing the
AND 1. voltage beyond 35 V was not tried because it was

feared other smaller heaters inside the various

optical components would burn out.
25 -1:1

.. Throughout the test the probe had to be
,- 0 watched closely to determine when the ice was per-

- turbing the flow. This would occur after three or
20 - four 5-minute icing runs. The tunnel would then beST brought down to idle and the ice was removed from

FIT the probe. Often the ice insid2 the tube would

have already shed by the time the tunnel velocity
S15 0was down to 30 mph.

FSSP95
Conclusions

The two FSSPs used throughout the IRT test
agreed well when the MVD was around 16 pm. For

S01 l I MVDs around 10 and 25 pm the difference between the
10 15 20 25 two FSSPs was 2 to 3 pm. Also, coincidence events

MVD, jm probably caused an increase in the measured MVD of

FSSP95 RANGES 1 AND 2. 2 to 3 pm for many test runs. Most of the data col-
lected was for activities in excess of 50 percent.

FIGURE 9. - COARISON OF THE MVD MEASURED WITH DIFFER- Many times the activity was beyond 80 percent. This
ENT RANGES OF THE SAE INSTRUMENT. meant the FSSP was being operated at the very edge

of its operation envelope. Shutting down half of
the spray bars reduced the number density and
brought the activity down to more acceptable levels.
Range 0 and range I did not agree as well as range I
and range 2 on the FSSP95. Te ouildup on both
FSSPs caused numerous delays.
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